Upper airways (UA) are an organic component of the respiratory tract, they serve to respiration, respiratory tract protection and defense, phonation, deglutition, etc. The functions of UA are regulated by motor control of the oral, pharyngeal, and laryngeal muscles.
INTRODUCTION
This paper summarizes substantial knowledge upon the function and control of upper airways during the defensive airway motor behaviors. Integrating our own experimental data with current research findings may improve our understanding of upper airways performance under the physiological and pathological conditions.
Upper airways (UA) represent an organic structural and functional component of the respiratory tract. UA serve to respiration, respiratory tract protection and defense, phonation, deglutition, etc. Essential regulatory functions of UA represent changes in the airway resistance and its appropriate "shaping" up to the complete close. These functions are executed by the oral, pharyngeal, and laryngeal structures and regulated by motor control of the oral, pharyngeal, and laryngeal "valve" muscles. Main muscles included in respiratory and/or airway defensive functions are e.g. alae nasi muscles, tensor and levator veli palatini, stylopharyngeus, styloglossus, geniohyoid, genioglossus, thyropharyngeus, cricopharyngeus, myohyoid, thyrohyoid, and intrinsic laryngeal muscles from them primarily posterior cricoarytenoid (PCA) and thyroarytenoid m. (Iscoe 1988; Zoungrana et al. 1997 ; Satoh et al. 1998 ; Pitts et al. 2013 ).
RESPIRATORY FUNCTION OF UPPER AIRWAYS
UA provide approximately 1/2 of the airway resistance, 2/3 with nasal breathing in humans (VanLunteren and Strohl 1986). The main component regulating the UA resistance is the larynx (Iscoe 1988) . UA typically stiffen and widen during quiet inspiration mainly due to the inspiratory (I) activation of the alae nasi muscles, genioglossus, pharyngeal dilators, and laryngeal abductor PCA ( . Thus, tonic activity of some UA muscles (e.g. PCA; Fig. 1 ; laryngeal adductors, or cricopharyngeus) and/or their expiratory (E) modulation (e.g. laryngeal adductor thyroarytenoid, thyropharyngeus, superior pharyngeal constrictor m.) occurs as well, providing an active shaping of UA in expiration, depending on species, anesthetic, and respiratory drive (Iscoe 1988; Perlman 2006; Rose et al. 2011; Pitts et al. 2013 ).
Afferent feedback from a variety of airway, pulmonary, and muscle receptors contributes significantly to the control of UA. There are considerable differences in muscle activation during oral vs. nasal breathing e.g. for alae nasi muscles (Shi et al. 1998 ). Hypoxia and hypercapnia states, as well as other conditions that enhance breathing, modulate activity of many UA muscles resulting in substantial changes in the airway resistance and airflow (Brancatisano et al. 1986; Iscoe 1988; Mezzanotte et al. 1992) . Similarly, reduced breathing e.g. during sleep, anesthesia, anatomical and functional irregularities can modulate the UA patency, usually reversely than upon the hyperpnea states Saboisky et al. 2007; Nishino 2013 ).
UPPER AIRWAYS DURING THE AIRWAY DEFENSE
Primary component of the respiratory tract protection is laryngoconstriction. Complete closure of the larynx results in halted airflow, thus preventing the penetration of any material including irritant gases into the lower airways. The duration of the apneic pause is limited by necessity for breathing.
During defensive airway reflexes such as coughing, sneezing, sniff-like aspiration reflex, expiration reflex, swallowing the laryngeal, pharyngeal, but also lingual muscles may provide vigourous highly coordinated action resulting in appropriate changes in UA calibre and tonus. Laryngeal movement consists of abductions during I and E phase and adductions in compression and subsequent constriction phase during cough ( Fig. 2 and 3 ) and sneeze (Korpáš and Tomori 1979; Shiba et al. 1999; Poliacek et al. 2003) . Simpler patterns at least for some motoneurons were found in decerebrate animals (Gestreau et al. 2000; Baekey et al. 2001) . During all cough period the cricopharyngeus m., in E phase the superior pharyngeal constrictor (Satoh et al. 1998 ) are activated and thyropharyngeus m. is suppressed at least in cat (Pitts et al. 2013 ). In the sneezing expiration also styloglossus, and levator veli palatini m. are activated (Satoh et al. 1998; Simera et al. 2015) .
Corresponding patterns in activities of laryngeal muscles were found in the expiration and aspiration reflexes consisting of laryngeal adduction interrupted and overlayed by the shortlasting abduction allowing the airflow (Poliacek et al. 2003 (Poliacek et al. , 2005 . In general, there is higher degree of UA stiffening in defensive airway behaviors than that in quiet breathing (Korpas and Tomori 1979; Sant.Ambrogio et al. 1997; Poliacek et al. 2003) Unlike in breathing or coughing, where UA serve to respiration-protection-defense, the pharyngeal phase of swallowing is essentially made by the coordinated action of a number of UA muscles (Doty and Bosma 1956; Miller 2008 , Pitts et al. 2013 ). The palatum closes the velopharyngeal isthmus, larynx is fully closed by its adduction and by epiglottis and is elevated under the base of tongue. Posterior tongue movement moves the bolus into esophagus and subsequent contraction of pharyngeal constrictors clears the pharynx (Ertekin and Aydoglu 2003) . During this oro-pharyngeal phase of swallowing progressively and/or simultaneously majority of the pharyngeal and lingual muscles e.g. mylohyoid, geniohyoid, palatopharyngeus, styloglossus, levator veli palatini, thyropharyngeus m., and laryngeal adductors are vigorously activated with an early relaxation followed by the activation of the cricopharyngeus (upper esophageal sphincter) all performed in an orderly fashion ( 
MOTOR DRIVE TO THE UPPER AIRWAYS
Motoneurons driving the UA muscles are located primarily in the hypoglossal (HgN; geniohyoid, styloglossus m., etc.) and ambigual nuclei ( Fig. 4 ; levator veli palatini, pharyngeal constrictors, intrinsic laryngeal muscles, cricopharyngeus m., etc.), but also in trigeminal (mylohyoid m., etc.) and facial nuclei (Iscoe 1988; Jean 2001; Zougrana et al. 1997 ).
There is a large variation in the activity of motoneurons driving distinct UA muscles and the variability in the activation of individual muscles during various behaviors (Shiba et The activity patterns of majority of motoneurons correspond to the related muscle activation, e.g. during eupnea I pattern of the discharge in the recurrent laryngeal (branch of the vagus n. supplying the intrinsic laryngeal muscles) and hypoglossal nerves represent main- An adequate understanding of the UA central control and its complex performance largely depends on sufficient answers to the following questions: 1) Where are located neurons driving (directly or undirectly) motoneurons of UA muscles? 2) What is the connectivity of these neurons and how do they shape the activity of UA motoneurons during various behaviors? 3) Which mechanisms are employed in activation / inhbition that comes from these central circuits controlling UA patency?
Anatomical and functional studies pointed out multiple brainstem areas with various density of neurons connected to or related to UA motor control (Fig. 4) : the solitary tract nucleus (NTS), dorsal reticular formation near the HgN, lateral tegmental field represented by the parvocellular and other reticular nuclei, spinal trigeminal ncl., paratrigeminal region, area postrema, retroambigual area, caudal raphé, the ventral and ventrolateral medulla (including retrofacial, parafacial, and paraambigual area), parabrachial region of the pons including Kölliker-Fuse ncl., the subcoeruleus region, pontine trigeminal nuclei, ncl. caudalis and ventralis, ventromedial tegmentum, lateral paragigantocellular region, and higher brain levels including periaqueductal grey (e.g. Consistent with the pattern of several UA muscles during defensive motor behaviors and with the necessity of appropriate coordination with other behaviors (e.g. reciprocal inhibition of I vs. E related motor acts), additional neuronal populations certainly participate in their activation. E.g. PCA receives, besides neuronal drives from aformentioned neurones of respiratory CPG primarily located in the ventrolateral medulla and NTS, inputs from the pons, periaqueductal gray, hypothalamus, amygdala and piriform complex (Waldbaum et al. 2001 ).
ADDITIONAL CENTRAL COMPONENTS OF UPPER AIRWAY CONTROL
In addition to aformentioned connections from CPG to laryngeal and pharyngeal mo toneurons, working during breathing, coughing, and sneezing (Shiba et al. 1999; Gestreau et al. 2005 ), modulation of primary cough neuronal network induced variable effects in laryngeal motor output. Elimination of cough motor pattern by lesions in medullary raphé, lateral tegmental field, and pontine parabrachial region mostly preserved the elementary laryngeal adductor responses and respiratory pattern of UA (Poliacek et al. 2005) . Elementary laryngeal responses represent functional evidence for multiple axonal pathways and excitatory drives targeting UA motor output. Significant modulation of ventilatory motor output from the retroambigual region, caudal medial reticular formation, or by baroreceptor stimulation induced only limited changes in UA motor pattern during coughing. It suggests shaping of the UA motor output during coughing dependent on the cough CPG. However, it is also consistent with the control of muscle activation (and level of their contraction) largely independent from the motor output of the pump muscles (Poliacek et al. 2003; that likely employs additional pathways than those from CPG (also Shiba et al.1999 ). However, changes in PCA discharge during coughing concurrent to those in I pump muscles were seen after nicotine administration in the brainstem or in the retroambigual area .
Majority of swallowing-related neurons in the areas of NTS and medullary reticular formation (neither of them were motoneurons) express activation, inhibition, or after-swallow activation. These units project to the NTS, reticular formation, ambigual ncl., HgN, and dor-
sal motor nucleus of vagus (Sugiyama et al. 2011 ). Majority of respiratory neurons in the ventrolateral medulla and lateral reticular formation including I neurons and Eaug units are inhibited during swallowing, latter reducing inhibition of E laryngeal motoneurons and allowing vigorous adductor swallow activation (Chen et al. 1999; Shiba et al. 2007 ). Many of these neurons may express post-swallow activation (Saito et al. 2003) . Thus, Eaug neurons significantly form the motor outputs during breathing, coughing and sneezing, but they do not participate in swallowing (Shiba et al. 2007 ). Vice versa, the majority of Edec neurons are activated during swallowing (Chen et al. 1999; Saito et al. 2003) . 
UPPER AIRWAY DISORDERS
Disorders of UA comprise inflammatory diseases such as rhinitis, pharyngitis, laryngitis, including upper respiratory tract infections, conditions causing stridor and snore, the upper airway resistance syndrome, obstructive sleep apnea / hypopnea syndrome, dysphagia conditions, complications related to gastroesophageal reflux, laryngospasm, etc. UA diseases may result from infections, allergic reactions, anatomical malformations, and functional malfunctions at various levels including the muscle and neurological disorders (such as myositis, myotomy, Myasthenia gravis, poliomyelitis, different levels of paralysis, scleroderma, motoneuron diseases, Parkinson, Alzheimer disease, etc). Depending on severity of the disease inappropriate changes in UA resistance may have significant effect on breathing. Discoordination in UA muscles contraction results in dysphagia or failure of other reflex behaviors (Perlman 2006; Miller 2008; Hammer et al. 2013; Nishino 2013) .
Stimulation of UA, resulting in powerful motor behaviors such as cough, sneeze, aspiration reflex etc., has an extensive impact on respiratory and cardiovascular functions. Irregularities in breathing, apnoe, excessive fluctuations in blood pressure and blood flow etc. may occur. However, these changes are not necessarily always negative. E.g. UA stimuli and related reflexes, primarily aspiration reflex, may result in an interruption of apnea and a restoration of breathing, in stabilization and potentiation of respiratory pattern as 
